Interfacial rheology becomes important when surface active species such as surfactants, particles or proteins are present in sufficient quantities at liquid-liquid interfaces and interact between them. Interfacial rheometry measurements are challenging for various reasons. The mechanical response of the thin interface is often weaker compared to that of bulk materials and so one is often measuring close to the lower force and torque limits of rheometers, hence signal to noise ratios merit closer attention. Also the role of both instrument and sample inertia are more important for interfacial, compared to bulk rheometry. Effects of misalignment and imperfections of the measurement geometries lead to effects of surface and line tension. Finally, peculiar for interfacial rheometry is the need to de-convolute the contributions of flow and deformation in the surrounding phases from that at the interface. Whereas some of these aspects have received attention in previous work, a clear and unambiguous view on the operating limits of interfacial rheometers has been missing. In the present work, we investigate the different experimental challenges and develop a generic methodology which provides a clear definition of the operating limits of various interfacial rheometers including the interfacial needle shear rheometer, the double wall ring and the bi-cone geometries. We validate this methodology by investigating the limitations defined intrinsically by the instrument as well as the ones emerging from the properties of the interface of interest for an interface composed of fatty alcohols which represents a challenging test-case. The results provide cautionary examples and clear guidelines for anyone measuring interfacial rheology with these direct rheological techniques.
Interfacial rheology becomes important when surface active species such as surfactants, particles or proteins are present in sufficient quantities at liquid-liquid interfaces and interact between them. Interfacial rheometry measurements are challenging for various reasons. The mechanical response of the thin interface is often weaker compared to that of bulk materials and so one is often measuring close to the lower force and torque limits of rheometers, hence signal to noise ratios merit closer attention. Also the role of both instrument and sample inertia are more important for interfacial, compared to bulk rheometry. Effects of misalignment and imperfections of the measurement geometries lead to effects of surface and line tension. Finally, peculiar for interfacial rheometry is the need to de-convolute the contributions of flow and deformation in the surrounding phases from that at the interface. Whereas some of these aspects have received attention in previous work, a clear and unambiguous view on the operating limits of interfacial rheometers has been missing. In the present work, we investigate the different experimental challenges and develop a generic methodology which provides a clear definition of the operating limits of various interfacial rheometers including the interfacial needle shear rheometer, the double wall ring and the bi-cone geometries. We validate this methodology by investigating the limitations defined intrinsically by the instrument as well as the ones emerging from the properties of the interface of interest for an interface composed of fatty alcohols which represents a challenging test-case. The results provide cautionary examples and clear guidelines for anyone measuring interfacial rheology with these direct rheological techniques.
I. INTRODUCTION
Interfacial rheology can be used to characterize the mechanical behavior of interfaces present in large interface area systems such as foams, emulsions and thin films. Further applications are manifold and range from bacterial biofilms over antibubbles and can be found in recent reviews [1, 2] . Some specific recent examples are the investigation of interfacial rheological properties for understanding the stability of emulsions stabilized by either particles [3, 4] , nanocrystalline cellulose [5] and proteins [6, 7] , the consequences of surfactants in crude oil recovery [8] and the development of pharmaceuticals related to lung surfactant replacements to prevent lung collapse during expiration [9, 10] .
The thermodynamic state variable surface tension σ is usually sufficient to describe the properties of so-called simple interfaces. However, interfaces can be modified by surface active species such as amphiphiles, proteins, particles, and combinations thereof. This leads to highly structured and complex fluid-fluid systems, also known as soft matter interfaces [2] in congruence with bulk soft matter [11] , and such complex interfaces can have an interfacial viscoelastic response. As a result, the surface tension is no longer sufficient to describe the interfacial properties and investigating the interfacial rheology is necessary. In the present work we focus on providing a framework to identify the operating limits for shear rheometry, for which different measurement techniques have been proposed, which mimic their bulk counterparts. These include the equivalent of the sliding plate rheometer, i.e. the magnetic rod rheometer [12, 13] , * jan.vermant@mat.ethz.ch where a rodlike magnetic probe translates in a channel, the interfacial disk-or bi-cone rheometer [14] mimics the Couette device and the double wall ring is the 2D equivalent of a double wall Couette device [15] . The dilatational properties of interfaces that emerge due to their large compressibility are not discussed here, although much of the methodology presented here carries over.
Accurate measurements of interfacial rheological material functions remain difficult. First there is the inherent sensitivity of the different devices as the ratio of the perimeter in contact with the interface to the overall surface area in contact with the bulk fluids differs for a rod, a disk and a ring [15] . Second, as the interfaces are thin (obviously), the force on the rod or the torque on the disks or rings is typically weak compared to the case of bulk materials, so often one is operating close to the limits of the rheometers. As a consequence of the relatively weak contributions of the interface and low viscous bulk phases, the inertia of the tool and instruments will influence measurements sooner compared to bulk rheometry [13] . Moreover, as most geometries are centimeters deep, fluid inertia of the bulk phases can be an issue as well which is too often ignored. Effects of misalignment and imperfections of the measurement geometries lead to effects of surface and line tension. Finally, peculiar for interfacial rheometry is the need to use iterative procedures and algorithms to find the correct interfacial deformation profile to deconvolute the contributions of flow and deformation in the surrounding phases from that at the interface. Whereas some of these aspects have received attention in previous work, a clear and unambiguous view on the operating limits of interfacial rheometers has been missing.
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PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620 operating windows has led to contradicting results when using different rheometers. For example the behavior of the phospholipid DPPC at the water-air interface measured with the double wall ring [16] showed a predominant viscoelastic fluid behavior with the low frequency limit being determined by the free surface area per molecule, whereas earlier investigations with the bi-cone had suggested that such phospholipids would behave as gels at similar surface pressures and temperature [17] . Furthermore, studies with the magnetic micro-button rheometer underlined the importance of shear history on the interfacial rheology and the dependence on the free surface area per molecule as well as the influence of incorporation of molecules like cholesterol, fibrinogen or palmatic acid [18] [19] [20] [21] [22] . Data on an even simpler molecule, hexadecanol, differ significantly between different instruments [23, 24] . Also a significant discrepancy between moduli measured by microrheology and macrorheology by many orders of magnitudes has been reported [23, 25, 26] . One of the concerns which needs to be addressed is that some of this reported data is outside of the window of operation of the devices and not all reported data may be reliable, and a clear and generic method to asses the operating window needs to be agreed upon.
Some of the problems are also observed in bulk rheometry and a rigorous approach has been developed by Ewoldt et al. [27] . In the present work we will derive a similar approach for interfacial rheometry. We will start by identifying the error in the primary variables and the subsequent error propagation and uncertainty. However, a fundamental difference between interfacial and bulk rheology is the coupling of the flow field at the interface with the surrounding bulk fluid. Therefore, it is necessary to correct the data to separate the interfacial contribution from the subphase and instrument contributions to the rheological signal and the question arises as down to which level this can be achieved reliably. This introduces further difficulties which are discussed in this work. So far this has only been done for numerically generated signals [26, 28, 29] .
Experimental issues such as positioning and contact line variations will also be touched upon. Overall the goal of this work is to provide a methodology on how to define diagrams with the desired variables (e.g. linear viscoelastic interfacial moduli) and provide appropriate limit lines and operating windows for the specific rheometry in use. This approach is similar in spirit to the operating windows for microrheology [30] . This paper will begin with the relevant momentum balances and introduce the different interfacial shear rheometers. The materials and methods will be discussed with some attention to all the experimental details between the different rheometers before going into the construction of the operating diagrams. Then the different limits are discussed based on data of hexadecanol at an air-water interface as well as measurements of clean air-water interfaces, which present the most difficult case. A key element is using a Fourier analysis method to identify the noise on the primary experimental observables.
A. General interfacial momentum balance equation
For insoluble layers or systems where the mass transport between the interface and the adjacent bulk phases is slow compared to momentum exchange, the interfacial momentum balance equation for sharp interfaces of constant composition can be written as [1, 31] 
where ρ s is an interfacial density [kg m −2 ], D Dt is the surface material derivative, v s is the interfacial velocity, ∇ s = I s · ∇ is the surface gradient operator, I s is the surface unit tensor, σ s is the interfacial stress tensor, σ is the bulk stress tensor, n is the unit vector normal to the surface and || . . . || denote jump terms as defined in [1], their Eq. 7. The left hand side in Eq. (1) denotes interfacial inertia and stress while the right hand side corresponds to the jump of momentum of the two adjacent bulk phases across the interface. As a consequence, the interfacial stress tensor σ s is always coupled with the bulk stress tensor σ.
The interfacial stress tensor can be decomposed into the interfacial tension σ (Γ, T ), which is a thermodynamic state variable dependent on the surface excess concentration Γ and temperature T , and the extra stress tensor τ , which is related to the mechanical stress, as [9, 31, 32] 
(
This equation shows that the mechanical response of structured interfaces cannot be fully described by the sole knowledge of interfacial tension σ . Constitutive models relating τ with strain for elastic or strain-rate for viscous interfaces are discussed in [31] . An objective quasi linear neo-Hookean model has recently been derived rigorously from the strain energy function [32] .
Using a viscous interfacial constitutive equation with the momentum balance equation (1) results in the interfacial Navier-Stokes equation [34] 
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where η s and η b are the interfacial and bulk viscosity, ω and l are characteristic frequency and length scales, respectively.
The importance of interfacial effects compared to those of bulk viscosity is given by Bq but the choice of the characteristic length scale l is not straightforward. For example, for a driven oscillatory flow Fitzgibbon et al. [35] used the 'natural' Stokes boundary layer length scale
where ν is the kinematic viscosity. With increasing η s , the diffusion of momentum at the interface increases and can dominate the one to the bulk. By balancing the interfacial stress with the viscous stress in the bulk, an interfacial length scale can be defined over which the interfacial momentum is attenuated as:
However, many other publications use a macroscopic Boussinesq number which has proven useful in analyzing the inherent sensitivity of rheometers, defined as [36] 
where η s and η b are the interfacial and bulk viscosity, L s and L b are the lengths over which the velocity V decays in the interface and bulk phase, P s is the perimeter between probe and interface and A b is the contact area between probe and bulk phase. In this macroscopic definition of Bq the ratio of A b to P s results in a length scale a which is characteristic of the geometry and should obviously be as small as possible. It is typically assumed that V L s = V L b [15] . The macroscopic choice of a for the characteristic length scale is usually done to define it in conjunction with an instrument. During the analysis, the correct length scale (see Eq. (6) or (7)) can be retrieved.
B. Interfacial Rheometers
Plateau was the first to suggest the concept of interfacial viscosity and used a magnetic compass needle on an interface to generate a shear flow [37] . However, the rotation of the needle caused concentration gradients of the surfactants which resulted in large Marangoni forces interfering with his measurements [38] . An adaptation of the needle device is the interfacial stress rheometer (ISR) by Shahin in 1989 [12] which has been improved by Brooks et al. [39] and analyzed in [13, 15, 28, 35] . Alternative geometries for direct rheometry are the magnetic micro disc [18] , bi-cone [14, 26] and double wall ring (DWR) [15] .
Measuring the surface pressure π = σ clean − σ (Γ) as a function of interfacial area where the shape is maintained can give insights in the dilatational interfacial rheology. A trough with radial geometry was developed to eliminate the shear components present during area changes in a rectangular trough [32] . An alternative to measuring the surface pressure with a Wilhelmy plate is the use of micro tensiometers [40] . An overview of modern interfacial rheometers can be found in [31] .
The interfacial shear rheometry setups studied in this work are those which are commercially available, i.e. the ISR, DWR and bi-cone (Fig. 1) . The ISR uses a magnetic probe in the shape of a needle suspended at the interface which is This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620 confined in a glass channel. By applying a different current through the two Helmholtz coils a gradient in magnetic field is generated which drives the magnetic needle along the glass channel and the resulting needle position is captured by a camera. The DWR and bi-cone are fixtures for rotational rheometers hence they can be used with the functionality of commercial rheometers. Because of the definition of the macroscopic Bq number, and the use of the characteristic geometry probe a, the sensitivity of the ISR is expected to be higher than the DWR. The radius of the magnetic probe can be reduced by using magnetic micro wires [41] . Because of the large contact area with the subphase, the bi-cone is expected to be the least inherently sensitive of the three instruments.
C. Oscillatory measurements of viscoelastic properties
Conventional bulk rheometry can be extended to interfaces in the linear viscoelastic regime using surface excess quantities [2] , at least when the interface is 'sharp' [31] and for a specific top and bottom phase. In oscillatory shear deformation, an interface can therefore be described by a frequency dependent interfacial elastic modulus G s (ω) and viscous modulus G s (ω). This means a purely elastic interface has G s (ω) = 0 Pa m whereas a purely viscous interface is described with G s (ω) = 0 Pa m. Interfaces which have an intermediate behavior of elastic and viscous are called viscoelastic and can be described using a complex linear viscoelastic modulus
where |G * s (ω)| is the norm and δ s (ω) is the phase angle of the complex interfacial shear modulus:
or
With the two relations
where η s (ω) is the dynamic interfacial shear viscosity and η s (ω) is the out-of-phase shear viscosity. Eq (8) can be generalized for viscoelastic interfaces as the complex Boussinesq number [33] Bq
The preferred representation of viscoelastic properties in this work is chosen to be the norm and phase angle of the complex interfacial shear modulus (Eq. (10) and (11) ). For the widely used representation of G s and G s , the uncertainties of amplitudes and phase angle are combined because of Eq. (11) and the discussion is less straightforward. Other linear viscoelastic material functions are the time dependent modulus G s (t) and the compliance J s (t).
II. MATERIALS AND METHODS

A. Monolayer preparation
The Langmuir trough and barriers (Delrin © , KSV NIMA, Biolin Scientific, Finland) were thoroughly cleaned with detergent, ethanol and repeated rinsing with milli-Q water (18.2 MΩ cm at 25 • C, Merck Millipore, USA) and filled with milli-Q water. A Wilhelmy plate (KSV NIMA, Finland) was flame treated and placed at the interface by a microbalance (KSV NIMA, Finland). The cleanliness of the interface was verified by a measurement of the surface tension of 71.9 mN m −1 at 25 • C and a maximum increase of surface pressure π below 0.2 mN m −1 upon compression of the pristine interface was found to be acceptable.
1-Hexadecanol was purchased from Sigma Aldrich (ReagentPlus © , 99 %, USA) and dissolved in 2-propanol (VWR chemicals, ≥ 99.7 %, AnalaR NORMAPUR © ACS, USA) at a concentration of 1 g L −1 and stored below 5 • C for not longer than one week. After ultrasonication for 5 min to homogenize the sample, the hexadecanol solution was then added dropwise to the water-air interface with a micro liter syringe. After spreading, the interface was left for 30 min to allow the 2-propanol to evaporate and the interface to reach equilibrium. A compression speed of 5 mm min −1 and initial coverage of 1.33 mg m −2 were used. All experiments were conducted at 24 • C and relative humidity of 50 %. A surface pressure area compression isotherm is shown in Fig. 12 in Appendix A.
B. Interfacial needle shear rheometer
Setup: A custom built ISR based on the design of Brooks et al. [39] and Reynaert et al. [13] was used (see Fig. 1A ), and is similar to commercially available instruments of this type. Two magnetic coils were positioned in Helmholtz configuration and powered by two power supplies (Agilent 6644A, Keysight technology, USA). A constant base current of 0.75 A was applied trough each coil to position the probe and modulated by a function generator (Agilent 33120A, Keysight technology, USA) in an anti-Helmholtz fashion. The function generator was controlled through LabVIEW (National Instruments, USA). The two current signals were acquired by measuring the voltage parallel to the two coils with an acquisition board (NI PXIe-6356, National Instruments) and an acquisition rate of 50 Hz. Two voltage dividers were used to transform the voltage signals to the acquisition range of This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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The position of the probe was acquired by a 1400 × 1080 pixel CMOS camera (VCXG-15M, Baumer, Switzerland) which was connected via GigE vision to a Frame Grabber (PXIe-8234, National Instruments) and processed by Lab-VIEW at a rate of 25 Hz. The images were processed in real time with NI vision and the edge of the needle is tracked resulting in the position signal z(t) = z 0 sin (ωt − δ z ). The camera was mounted on an inverted microscope (Eclipse TS 100, Nikon, Japan) equipped with a 4× and a 10× Plan objective. The microscope is mounted on a two-axis linear stage (M-401, Newport Corporation, USA) and the focus could be adjusted with an electric motor controlled by an Arduino Uno. The illumination was done by a DC-950 (Dolan Jenner, USA). The temperature of the Langmuir trough was controlled by a fluids bath (FP35-MC, Julabo, Germany) and the temperature of the subphase was measured by a thermocouple (USB-TC01, National Instruments). To reduce noise from vibrations and air flows, the ISR is enclosed by a Plexiglas box and placed on an active vibration isolation table (Vario Series, Accurion, Germany).
Experiment: The properties of the two magnetic probes are shown in Table I . A needle was purchased from KSV and a microwire was kindly provided by Tajuelo (as in ref. [41] ). A glass channel with a width of 12 mm was rinsed thoroughly with acetone, ethanol and milli-Q water and plasma cleaned. The hexadecanol solution was spread at the interface as described above. The needle remained on the interface during spreading while the microwire was removed because the strong Marangoni flows during the spreading would push it out of the channel. The acquisition time was chosen to be 10 oscillation periods after the sample has been conditioned for 5 oscillation periods for all experiments. Between measurements of different surface pressures, the interface was allowed to relax for 5 min. TABLE I. Properties of the magnetic probes for the ISR: l, r and m are the length, radius and mass of the probe, respectively and λ is the ratio of channel radius to probe radius. k −1 is the instrument compliance and C I−F the force constant described in Eq. (17) . k and C I−F result from the calibration. Data processing: The discrete Fourier transforms of the current I(t) and position z(t) signals were performed with LabVIEW and the resulting amplitude ratio I 0 /z 0 (units [A/pixel]) and phase angle difference were calculated. The subphase correction described by Verwijlen et al. [33] is performed using a finite difference method. The algorithm is described in SI 1 and the implemented codes are available for download (https://softmat.mat.ethz.ch/ opensource.html). The performance of the algorithm was verified by using a test solution where all properties and velocity profiles were known a priori, by comparing with the predictions of an analytical model and by particle tracking experiments to measure the velocity profile at the interface.
Calibration: To find the instrument compliance k −1 , which can be interpreted as a system stiffness k with respect to an 'equilibrium' position of the magnetic probe depending on the inhomogeneity of the magnetic field and the interface (e.g. meniscus imperfections or wall interactions), and the force constant C I−F relating the applied current I with the force F acting on the magnetic probe as
a calibration procedure as proposed in [41] has been performed on a clean interface prior to spreading of hexadecanol. There, Bq * = 0 is assumed and the interfacial and subphase drag forces are calculated with the same algorithm as for data analysis. The calculated amplitude ratio is then fit to the measured amplitude ratio with the instrument compliance k −1 and C I−F as two fitting parameters. A calibration example is shown in SI 2.
C. Double wall ring
Setup: The double wall ring (DWR) is described by Vandebril et al. [15] and is commercially available. The ring was attached to a stress controlled rheometer (DHR-3, TA Instruments, USA) which was placed on an active vibration isolation table (Vario Series, Accurion, Germany) and enclosed by a Plexiglas box to reduce air flow. Three different rings were used of which two have the same dimensions (see Table II ) but different materials. The large diameter ring with the larger geometry inertia I g is commercially available (Pt/Ir alloy, TA instruments), while the other two rings were 3d-printed with a surface roughness of 4 to 7 µRa (Ti6Al4V alloy, 3d Systems (formerly Layerwise), Belgium).
A schematic of a ring is shown in Fig. 1B which was used with a Delrin © cup that was placed directly on the Peltier heated bottom plate of the rheometer. Two large rings were used only to investigate clean water-air interfaces without any material present at the interface. The modifications of the small diameter ring and Teflon cup have been discussed in [16] . Small openings in ring and cup, in combination with a Langmuir trough (Ribbon trough, Biolin Scientific, Finland) enable control over the surface pressure during a rheological experiment (see Fig. 1D ).
Experiment: After cleaning the trough with detergent, ethanol and milli-Q water and aligning the cup inside the trough, milli-Q water was added as Fluid 1 (Fluid 2 was air). The rings were cleaned by rinsing with ethanol and milli-Q water and dried before attaching to the rheometer. The instrument and geometry inertia were measured (see Table II ). The friction of the geometry was measured and a rotational (3 iterations in precision mode) and oscillatory mapping of This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620 the stress head were performed. After having spread the hexadecanol solution as described above, the ring was placed at the interface until the interface appeared flat. The rectangular cross section of the ring and the step in the cup ensures a good pinning of the interface. The sample was conditioned for one period and data was acquired for six periods. Data processing: The data was corrected for instrument and geometry inertia by the software of the rheometer. The subphase correction for the DWR is explained by Vandebril et al. [15] and both the algorithm and implementation are similar to those for the subphase correction for the ISR. The velocity field in the bulk fluid and at the interface (v * ) is calculated in an iterative algorithm and the interfacial viscosity is adjusted according to the ratio of the measured torque to the calculated torque (see SI 1).
D. Bi-cone
Setup: The bi-cone, as for example discussed in [14] , is shown schematically in Fig. 1C . Bi-cones manufactured both from TA instruments as well as from Anton Paar were used, see Table III . The first was attached to the DHR-3 (described in the DWR section) and the the second (Interfacial Rheology System of Anton Paar, Austria) was attached to a MCR series 302 (Anton Paar). On the MCR the experiments were performed with the direct strain oscillation (DSO) method [42] . All oscillatory measurements were conducted for six periods after conditioning for one period. The strain controlled measurements were performed with the TruStrain™ method enabled. The raw data could only be saved for one period. Experiment: After having cleaned the cell and the bi-cone with acetone, ethanol and milli-Q water, the cell was mounted on the Peltier bottom plate of the rheometer. The instrument (I instr ) and geometry (I g ) inertia as well as variations of the air bearing properties at different positions of the rotor were calibrated. The cup was filled with milli-Q water (Fluid 1, Fluid 2 was air) and the bi-cone was placed at the interface until the interface appeared flat. Then, the hexadecanol solution was spread as described above. No subphase correction was performed because no data above the noise level could be acquired. More information about the subphase correction for the bi-cone can be found in [29, 43] .
E. Quantifying noise floor and resolution: Fourier analysis
The use of different geometries, approaches and instruments from different manufacturers makes it difficult to directly compare the operating limits based on measurement noise or resolution. Here we propose an independent method to evaluate the performance of the overall setups, using a method that can be applied by anyone choosing to do so. The proposed method starts by calculating the signal-to-noise ratio (S/N) by performing a Fourier analysis on the primary experimental observables, i.e. the raw data of displacement and either force or torque, both as a function of time, and then defining a noise floor. The initial point of the time window (t 1 ) can be chosen arbitrarily. The end of the time window (t 2 ) was chosen such that an integer number of periods is analyzed. Unless otherwise specified, five periods were found to be sufficient to obtain representative results. The discrete Fourier transform (dft) was then performed with the fft function in Matlab which corresponds to :
where t 1 and t 2 identify the borders of the time window, f (t) is the function in the time domain andf (ω) denotes its Fourier transform. The magnitude of the single sided spectrum |f (ω)| will be used to determine the signal to noise ratio, thus its units are the same as f (t). Displacement drift of the measurement probe can be an issue, especially for water-air interfaces due to convective air currents above the interface. Additionally the experiments are also subject to standard electronic flicker noise. To separate these effects, a power law curve was fit to the experimentally obtained spectrum |f (ω)| (excluding the driving frequency) which characterizes the average background noise. A noise floor is then defined by adjusting the prefactor of this fit until it equals the highest point in the spectrum |f (ω)|, excluding the fundamental and the first 5 odd harmonics. In this manner, we obtain a noise level independent of manufacturer specifications which allows meaningful comparison with different devices. Clearly signal analysis can be improved in each and every instrument, for example by oversampling strategies, but this will result in relatively small variations. In practice we This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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10 −1 10 0 10 1 10 −7 have found the proposed procedure to give a realistic lower limit for all the different devices.
III. RESULTS
A. Primary Observables
A representative data set of the primary observables as measured from the ISR for a water-air interface is shown in Fig. 2 . The current I(t) is applied while the rod position z(t) is being measured. The signal for the driving current shows a very clean sinusoid, but the measured displacement z(t) shows a superimposed drift which is mainly due to convection. A discrete Fourier transform of the displacement signalẑ( f ) in Fig. 2 .C shows a high frequency tail with a slope of −1 confirming that the noise is mostly dominated by drift. The Fourier transform of the current signalÎ( f ) Fig. 2 .B shows only a minute drift below 1 Hz where the slope is close to −1. At larger frequencies flicker or pink noise dominates. An example with strong visible drift in I(t) is shown in SI 3. In the data set in Fig. 2B & C, the fitting for the current and displacement background signals were performed from 0.01 Hz to 1 Hz and 10 Hz, respectively, since the nature of the noise changes at larger frequencies. The noise floors can be defined which make it possible to define signal to noise at the driving frequency 0.1 Hz for current and displacement (I noise , z noise ). The choice of frequency range over which the fit is performed might in certain cases be refined, e.g. using the nearby non-integer harmonics as noise near the signal of interest. However, including the spectrum over a larger frequency range seemed to be most compatible with the fatty alcohol under investigation in this work.
The Fourier analysis is performed for multiple stress amplitude sweeps of the ISR for monolayers of hexadecanol at different surface pressures (1-35 mN m −1 ) at the water air interface. The resulting signal amplitudes and noise values on the primary variables are shown in Fig. 3 . The noise on the current is always smaller than I min and essentially constant over the complete range of the power supply. However, the noise on the measured displacement of the needle, z noise , is not constant and can even become larger than the measured displacement signal amplitude at small amplitudes. This effectively imposes a lower displacement limit. The main limiting factor for the displacement is however the presence of drift. It should be noted that the ISR was contained in a box as to minimize convective currents, so this effect can be worse for instruments which are open to the air. With an increased interfacial viscosity, drift is typically suppressed which therefore results in a smaller z noise . There is no dependence of z noise on changes in the optical train such as magnification of the objective. Only the maximum displacement z max is determined by the field of view.
Analogous to the ISR, the Fourier analysis can be performed for the DWR using the primary variables torque M(t) and displacement θ (t). The signal amplitude and noise values measured for hexadecanol at the water air interface are shown for a range of surface pressures from 15-45 mN m −1 for the small DWR in conjunction with a Langmuir trough in Fig. 4 . A & B show signal amplitude and noise values as a function of input torque amplitude (stress amplitude controlled mode) and C & D of the input displacement amplitude (strain amplitude controlled mode). For the open loop stress controlled mode, the feedback is completely disabled and the lowest M noise values are logically obtained but the noise on the measured displacement is quite substantial, again mainly due to a drift of the baseline as a consequence of residual torques in the air bearing of the instrument. The presence of an interfacial viscosity can reduce the drift to some extent as can be seen by the much larger θ water min which shows the noise floor of a clean water-air interface measured with the DWR (data points not shown). The specific rheometer (Discovery HR-3) has a control loop (closed loop) which suppresses this drift in the displacement signal, thus the operation mode is not truly stress controlled any more. This improves the noise level on the displacement signal, but the feedback loop enhances the noise on the torque signal and the signal-to-noise ratio decreases to values even below 1 hence defining an upper torque limit much smaller than the This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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When performing stress amplitude sweeps on interfaces, it is insightful to compare both operating modes. For the strain controlled mode, the noise amplification by the control loop is even more pronounced since the torque amplitude has to be adjusted during each cycle to arrive at the defined strain amplitude. A comparison of the noise amplifying effect of the different operating modes is shown in Appendix B. Noise for the larger diameter DWR is shown in SI 4.
The S/N of the bi-cone is expected to be smaller compared to the DWR due to the lower intrinsic sensitivity and the larger contribution of the bulk phases for a given value of η s . The amplitude and noise values of the bi-cone of TA instruments is shown for an open loop stress controlled test in Fig. 4 . Even though the noise values are comparable to the small DWR no successful measurement can be reported even for the hexadecanol interface at the highest surface pressure (π = 45 mN m −1 ) because interfacial phase angles are always larger than 90°after correction for geometry inertia. For Anton Paar's bi-cone in the strain controlled mode, the S/N ratio for even the highest surface pressure hexadecanol interfaces is never bigger than one. For the stress-controlled mode only a very small operation window could be identified. However, the S/N is always smaller than 5 (see SI 5) . This demonstrates that both bi-cones are not suitable for measuring this system either because of large noise or large geometry inertia. This emphasizes the importance of evaluating the primary observable variables and not relying solely on the resulting rheological variables (e.g. shear modulus).
The limiting values of the primary variables for the ISR, DWR and bi-cone are summarized in Table. IV. To rigorously compare the noise of the two closed loop instruments, the analysis has to be performed in the Laplace space and the transfer functions of the motors, controllers and filter and feedback algorithms should be taken into account. This lies beyond the scope of the current work. 
B. Amplitude ratio and phase angle
In the linear viscoelastic response regime, the rheological properties of the material can be calculated from the amplitude ratio AR and phase angle difference δ s of the time dependent primary variables as:
where C denote geometrical conversion factors relating displacement with interfacial strain γ s = C θ θ 0 or C z z 0 and torque or force with interfacial stress τ s = C M M 0 or C I I 0 (more details about C in SI 6). The equality on the left hand side corresponds to the rotational geometries (DWR & bi-cone) while the right hand side corresponds to the ISR. |G * s | and δ s are the norm and phase angle of the complex interfacial shear modulus.
The uncertainty in |G * s | and δ s can be obtained from the propagation of the errors on the primary variables in Eq. (19) & (20) using the noise on the primary variables as the uncertainties. Assuming τ s and γ s to be uncorrelated, the uncertainties u |G * s | and u δ s are the standard deviations [44] [45] [46] This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
where again the equality on the left corresponds to the rotational geometries (DWR & bi-cone) while the one on the right equality is for the ISR, the subscripts noise and 0 are the noise and amplitude values defined in the previous section.
In deriving Eq. (23), the uncertainty on the phase angle is estimated by looking at the signal zero-crossing locations, and quantifying the uncertainty in these locations due to the finite strain and torque or force resolution of the rheometer following Singh et al. [46] . This consideration is more accurate for the ISR than for the rotational geometries, since in the latter, the phase angle is determined by cross-correlating the two signals and might result in a larger S/N ratio of G s and G s and This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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where Eq. (12) and (13) are used. As a consequence of Eq. (24), measuring the phase angle of a purely viscous system (δ s = 90°) is very difficult because tan(π/2) → ∞.
Since the details of the signal processing in the different rheometers are not known a priori and may evolve as signal processing algorithms continue to improve, Eq. (23) can be seen as an upper bound for the phase angle uncertainty.
An example for uncertainties u |G * s | and u δ s during a stress amplitude sweep on the ISR are shown in Fig. 5 for different surface pressures π at ω = 0.1 Hz. The uncertainties in terms of S/N are shown as error bars in these graphs using (22) and (23) . The data is corrected for the effects of flows in the subphase. At small amplitudes, the uncertainty bars u |G * s | increase and become even larger than |G * s | for the microwire. The same behavior is seen in u δ s where sin −1 (x) = π/2 if x ≥ 1. On the other hand, error bars become very small for large amplitudes. Similar to bulk rheological measurements, the noise is more important for the phase angle. A small decrease in |G * s | with increasing stress amplitude is observed for the needle which denotes the limit of the linear response regime.
C. Limit lines and Operating Windows
Having identified the limiting values in displacement and force or torque as those where the noise becomes dominant, it is now possible to define operating windows. To measure the material response, it has to be larger than the minimum measurable value of displacement or torque
Applying equation (19), M material and z material are expressed in terms of material functions and the displacement amplitude θ 0 and applied current amplitude I 0
where C are conversion factors discussed in SI 6. The same calculation as in Eq. (25) and (26) can be performed for the upper torque M max and rod displacement z max limits as well as the displacement for the rotational geometries and the input current for the ISR. The limit lines can then be drawn as functions of interfacial stress τ s and interfacial strain γ s which is shown for the ISR in Fig. 6 . The area enclosed by the limit lines defines the operation window of the instrument.
By looking only at the experimental data in Fig. 6 , the apparent interfacial modulus for hexadecanol at π = 15 mN m −1 measured with the microwire is increasing before it reaches a plateau with increasing τ s . Drawing the operation window reveals that the low amplitude data is outside the window and the error bars show that the signal-to-noise ratio is smaller than 1. As a consequence, the increase in |G * s | is due to the z min limitation and does not represent an intrinsic material property. The plateau value measured inside the window agrees well with the data measured with the needle at the same π. The agreement between the probes of different length at This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620 π = 15 mN m −1 while having different aspect ratios (l/2r) of 59 and 180 for the needle and microwire, respectively, suggests that end effects are negligible [23] . The data measured at π = 25 mN m −1 with the microwire only enters the operating window at the very edge. As a consequence, the data measured with the needle at the same π might be more confident. To relate the subphase drag with the interfacial modulus, values of |Bq * | = 10 are drawn for the microwire and needle in Fig. 6 as a guide to the eye, where higher |Bq * | correspond to more confidence in the data.
Representing the operating windows as function of primary variables might be helpful for defining the input parameters or selecting the right probe for a given expected |G * s | or |η * s |.
The operating windows for the small DWR in conjunction with a Langmuir trough are shown in Fig. 7 as functions of τ s and γ s together with measured data for hexadecanol at π = 25 mN m −1 . The maximum displacement has been chosen at γ s = 2 % to remain in the linear viscoelastic regime for the fluid studied here and prevent the destruction of the materials microstructure. Three operating windows according to the three operation modes are drawn. As discussed previously, the open loop stress controlled mode results in the lowest torque limit but shows the largest displacement limit due to subphase drift. A line is drawn for a clean water-air interface where no interfacial viscosity is present to suppress this drift and as a result, the operating window is almost vanishing, i.e. η s is undetectable with the DWR in this mode. The upper torque limit is 200 mN m according to the instrument specification, corresponding to stresses far beyond the range shown in Fig. 7 , and thus the window is only drawn until an arbitrary maximum stress value. This large stress value will lead to a modulus of 10 3 Pa m for γ s = 2 % and up to 10 6 Pa m for smaller γ s . This order of magnitude will of course never be observed in interfacial rheology and other effects like the violation of the no-slip boundary condition might come into play earlier. The window for the closed loop stress controlled mode shows a slightly larger M min and lower θ min . More striking is the appearance of a maximum torque limit much lower than the instrument specification. The feedback loop leads to an amplification of noise in the primary torque signal as shown in Fig. 4 . This is valid for materials expressing very low rheological properties. Interfaces with stronger moduli might suppress the noise amplifying effect and shift M max towards larger values. The strain controlled mode shows the lowest θ min but expresses the narrowest confinement in torque. The reason is the stronger feedback loop compared with the closed loop mode which results in an even stronger amplification of the noise.
The hexadecanol data again shows significant scatter outside the operation window and the signal-to-noise ratio can decrease to values smaller than 1. Within the operating windows, the S/N increases and error bars become smaller than the symbol size. Note that for the two operating modes with the feedback loop enabled, the uncertainty increases when the data hits the M max limits. On the contrary, the closed loop stress control mode still has very small uncertainties even though γ s > 2 % because the M max limitation is not present. The operating windows in terms of |G * s | as a function of τ s and γ s for the larger diameter DWR can be found in Appendix C.
D. Instrument Limitations
The precision of measuring and accessible range of the primary variables is also affected by additional factors. Instrument and fluid inertia as well as instrument compliance are This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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Instrument Inertia
The torque or force resulting from the material response has to be larger than the contribution from the instrument inertia, similar to the case of bulk rheology. The left hand equality corresponds to the rotational geometries (DWR & bi-cone) while the right hand side equality refers to the ISR.
Rewriting the material and inertia contributions and applying the constitutive equation (19) leads to
where I = I instr + I g is the sum of the instrument and geometry inertia, m and L are the mass and the length of the magnetic probe and ω is the driving frequency in [rad s −1 ]. As a result of Eq. (28), the contribution of inertia to |G * s | in a frequency sweep appears with a slope of +2 in a double logarithmic plot (or slope of +1 for the complex interfacial viscosity) and is constant in strain or stress amplitude sweeps.
An example of the effect of instrument inertia is shown in Fig. 8 where a frequency sweep of hexadecanol at π = 25 mN m −1 is measured with the small DWR in conjunction with a Langmuir trough and ISR. The norm of the complex interfacial modulus |G * s | reflects a viscous behavior with a slope versus frequency of +1 on a log-log scale. Once a certain frequency is reached for the DWR, the raw data increases its slope to +2 as predicted by Eq. (28) . However, the raw data can be corrected for the instrument and geometry inertia by the instrument software which can also be seen by the very large decrease of phase angle δ s for the DWR.
The raw and subphase corrected phase angle data of the ISR diverges towards 180°despite fulfilling Eq. (28) which due to the very low mass of the needle holds up to very large frequencies. It seems like the assumptions for the flow field are no longer valid for these large frequencies. This demonstrates that limitations can depend on specific instruments.
Compliance
There are two sources of instrument compliance. The first corresponds to a small restoring force with respect to an 'equilibrium' position of the probe due to inhomogeneities in the magnetic field or bearing in the rotational rheometer or meniscus imperfections of the interface. This effect acts 'in parallel' with the stiffness of the material and the same rationale used for the instrument inertia can be done to identify the limitation
Using again Eq. (19) , this equation can be rewritten as
where k −1 is the compliance of the instrument. The resulting limit line neither depends on amplitude nor on frequency thus it is imposing a general boundary to the instrument. As a result, it is most often encountered at very small driving frequencies in contrast to instrument inertia (see Eq. (28)). The nature of the instrument compliance as a restoring force will affect mainly the interfacial storage modulus G s . This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620
This might lead to misinterpretation of the material to be elastic instead of assigning the elevated elastic component to compliance. As a consequence, compliance could be the reason for the decrease of δ s at low frequencies in Fig. 8 . The observed stiffness corresponds to ∼ 5 × 10 −5 Pa m which would agree with [3] . The instrument compliance k −1 of the ISR is measured during the calibration process and is given for the used magnetic probes in Table I .
Another source of compliance can be the limited rigidity of the geometry (stiffness of the shaft) and acts 'in series' with the stiffness of the material, therefore imposing an upper limitation in contrast to Eq. (30) . The compliance of the small DWR has been measured by immobilising the ring on the bottom plate of the rheometer and applying a creep test. The resulting compliance leads to an upper limitation of 38 Pa m for |G * s | (see SI 8 for more details). This limitation is smaller than the resulting |G * s | of a maximum applicable torque amplitude of 200 mN m and therefore imposing the real upper limit for the open loop stress controlled mode. The bi-cone is expected to be even stiffer than the rings due to its solid structure thus the upper limit will be even larger.
Dynamic Range
In addition to the limit lines, Figs. 6 & 7 show also the maximum (maximum force or torque at minimum displacement) and minimum (maximum displacement minimum force or torque) measurable |G * s | for the selected geometries. The dynamic range describes the orders of magnitudes of measurable moduli and is calculated as
A list of dynamic ranges for each instrument can be found in Table V .
In the case of the open loop stress controlled mode, the upper torque limit is mostly set by the compliance limitation. For the two closed loop operating modes, the limits reported in Table IV have been used in order to calculate d. There M max corresponds to a worst case scenario where noise is amplified by the feedback loop as discussed above. The maximum strain is arbitrarily chosen to to be γ s = 2 %. Because of the different limiting values the DWR shows a range of d depending on the operation mode and used geometry. The intrinsic dynamic range of the ISR does not depend on the choice of probe because the difference in |G * s | lies only in the conversion factors. For very delicate samples, the dynamic range might be reduced since the maximum strain for the ISR is larger than 2 % and the microstructure of the interface might be destroyed. The bi-cones are not sensitive enough to measure hexadecanol, therefore no dynamic range can be given here. 
E. Coupling with the Bulk phase
The flow at the interface is always coupled with the flow in the adjacent bulk phases. This coupling can lead to nonhomogeneous velocity profiles which affect the local interfacial shear rate at the measurement probe. Moreover, the drag exerted by the bulk phases on the measurement probe needs to be accounted for. To be able to measure the interfacial properties accurately, the contribution of the interface drag has to be larger than the one from the subphase
The inequality (32) can be rewritten as a ratio between the interfacial and bulk drag in terms of a macroscopic nondimensional Boussinesq number Bq as shown in Eq. (8) in the introduction. Lines corresponding to |Bq * | = 10 are drawn in Fig. 6 and 7 in order relate the Bq * with the interfacial shear modulus and to guide the eye.
Effects of Geometry
The characteristic length scale a in Eq. (16) is the ratio of the contact perimeter P s between the probe and the interface to the contact area A b between the probe and the bulk phase therefore it is set by the geometry of the measurement. To increase the sensitivity of a geometry, a has to be minimized. As a consequence, the bi-cone is expected to be the least sensitive. For the DWR, a depends on the thickness of the ring [15] which is difficult to reduce since it has to support mechanical stability to be connected to the rheometer. In the case of the ISR, a depends on the probe radius [13] which can be reduced by an order of magnitude by moving from glass capillaries to the used microwire [41] . The characteristic length scales for the different geometries used here are shown in Table VI .
Subphase correction
It has been shown by Reynaert et al. [13] that the coupling between the interface and the bulk phase leads to non-linear interfacial velocity profiles and apart from interfaces with very This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620 high Bq it is insufficient to linearly subtract the rheological response of a clean interface from the rheological response of a laden interface. Verwijlen et al. [33] suggested an iterative algorithm to decouple the interfacial drag from the bulk drag on the ISR probe and is sketched in SI 1. The Navier-Stokes equations for the velocity field in the bulk and at the interface are calculated where the interface acts as a Boussinesq-Scriven type boundary condition for the bulk with a chosen initial Bq * . From the calculated flow field, the interfacial and bulk drag on the probe are known and the resulting amplitude ratio is calculated. The chosen Bq * is then refined according to the ratio between the measured to the calculated amplitude ratio. The refined Bq * is used to redefine the boundary condition and the algorithm iterates until Bq * converges. Note that the flows in the subphases are not necessarily low Re flows, and bulk fluid inertia can influence the interfacial velocity profiles [13] . Similar finite difference schemes have been reported for the DWR [15] (see also SI 1) and for the bi-cone [14, 29] . A boundary integral method has been reported for the ISR which can result in better accuracy at low Bq * [35] , but it does not account for fluid inertial effects and hence is limited to low frequency data.
Precision
The precision of the subphase correction is evaluated by using amplitude ratios of defined complex Bq * defined as input to the subphase correction code and comparing the resulting Bq * calculated with Bq * defined . The resulting differences for various magnitudes and phase angles are shown in Fig. 9 . For |Bq * | ≥ 1 the error is smaller than 0.1 % and reaches 10 −15 % at |Bq * | = 10. The error of δ s is given in absolute difference and not in percentage since also a defined angle of 0°i s calculated and the relative error diverges towards infinity. At |Bq * | = 1 the phase angle shows an error of 10 −4°a nd decreases with increasing Bq * . The behavior of the error is mostly independent on defined phase angle. However, for very elastic interfaces (δ s = 0°) resonance behavior is observed in the subphase flow calculation and it behaves similar to a driven harmonic oscillator. It might be very difficult to experimentally observe resonance because other effects like plastic deformation or the presence of slip might be present.
The importance of the non-linear subphase correction is evident from Fig. 9 as the error for the linear correction is much larger in both magnitude and phase angle even at very large Bq * (at |Bq * defined | = 10 4 the uncertainty is still ∼ 5 %). The reason for the very large Bq * lies within the definition as a macroscopic Boussinesq number in Eq. (8) instead of using a true intrinsic length scale as has been done by Fitzgibbon et al. [35] . The necessity highlights that the coupling of interfacial with bulk phase flows is strongly non-linear hence all the data presented in this work is non-linearly corrected for subphase flow.
The non-linear subphase correction also shows a large stability against noise in the amplitude ratio. At a signal-tonoise ratio of 100, the resulting error is smaller than 1 % for |Bq * | ≥ 1. However, noise in the phase angle of the amplitude ratio is also affecting the magnitude of the resulting Bq * and vice versa (see SI 9) . Hence, it is very important to measure both magnitude and phase angle of the amplitude ratio precisely. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1122/1.5130620
Lower limit
For interfaces with |Bq * | < 1, there might still be a measurable decrease of amplitude ratio of the investigated interface compared to the clean interface. However, the algorithm mentioned above may no longer converge (see Fig. 9 and [33] ) for any phase angle δ s . This limit shows again the importance of using appropriate geometries to optimize for a large Bq * i.e. minimizing a in Eq. (16) . As a result, the lowest measurable complex interfacial viscosity is given by using |Bq * | = 1 in Eq. (16) . The values of minimal |η * s | for each geometry are given in Table VI . As can be seen in Fig. 6 and 7 , this limit can be compromised by other effects, for example the noise amplification in the case of the DWR results in a larger |η * s, min |. Furthermore, the limitation of |Bq * | ≥ 1 for a converging analysis might not be relevant for technical applications. The response of the interface is smaller than the one of the bulk and might even become negligible. It might be sufficient to know the interfacial response is below a certain level in order to be irrelevant (for the ISR with the microwire probe |η * s | Bq=1 ∼ 10 −8 Pa m s) instead of knowing its exact value. In case this is not sufficient and the exact value of η * s has to be known, different analysis methods have to be used, e.g. the boundary integral method of [35] could extend the range, or the geometry has to be further optimized for an even smaller a.
F. Further experimental difficulties
Other experimental effects can lead to situations that violate the assumptions made in the introduction. Misplacing the geometry at the interface or a wetting behavior that is not ideal due to finite roughness or manufacturing imprecision can lead to curvature. These effects are discussed in the following paragraph.
Positioning at the interface A vertical misplacement of the geometry with respect to the interface can lead to a curved or stretched interface. In the analysis discussed above, the interface is always assumed to be perfectly flat and the presence of curvature leads to an additional term −σ ∇ s · I s in the momentum balance (see Eq. (1)). Since the geometries for the DWR and bi-cone are attached to a regular rheometer, the vertical placement of the geometry can be controlled in the software by the gap size. Effects like evaporation during long experiments can lower the level of the interface and introduce curvature. As a consequence, vertical position has to be adjusted regularly during the experiment. Experiments at different heights can be done to assess the influence of misplacement on the interfacial rheology. It was found that a height change up to ±350 µm is still within 20 % of the norm of the complex interfacial modulus (see SI 10) .
For the analysis of the ISR, a contact angle of 90°of the glass needles is assumed. To fulfill this assumption, the glass surface is usually rendered more hydrophobic using a silanization reaction. At contact angles smaller than 90°the needle has more contact with the water subphase. Due to the larger subphase drag, the analysis routine overestimates the complex interfacial modulus while underestimating the fluid inertia thus δ s will be too large. The effect is opposite for contact angles bigger than 90°. The error resulting of a contact angle difference of ±15°can be up to 15 % for Bq * = 100, i.e. low interfacial modulus, and decreases to below 0.5 % for Bq * = 10 5 (see SI 10). Fitzgibbon et al. discusses the possibility of a different contact angle and the changes in the formalism that come alongside as long as there are combinations of contact angles and bulk densities that result in flat interfaces [35] .
The density of the needle is also important since experiments can be carried out on surfaces with low surface tension and the ratio of buoyancy forces to interfacial forces can change, described by the Bond number
where g is the gravitational force per unit mass, ρ needle and ρ bulk are the density of the needle and bulk phase, respectively, a is the characteristic length scale and σ is the surface tension. As a result, the vertical position of the needle with respect to the interface changes as a function of σ hence the focus has to be adjusted throughout an experiment involving measurements at various π. A heavy needle with large radius can even be submerged at low surface tensions [13] .
Eccentricity
The bi-cone and large diameter DWR are well aligned by fixing the measuring cell and cup to the bottom plate of the rheometers. However, the modified cups for the DWR are placed in a Langmuir trough as shown in Fig. 1D and care has to be taken to align the cup properly. In the present work a custom built positioning tool is used which is attached to the rheometer and has a conical ring shape on the lower end. By lowering the positioning ring to the cup, the cup is centered below the rheometer and precisely aligned with respect to the rheometer shaft. For the fatty alcohol system under investigation, it was found that only significant displacements of the DWR cup up to 800 µm result in an increase in the elastic contributions (G s ) and below 200 µm no significant change of the rheological properties can be observed (see SI 10) . The extent to which eccentricity plays a role depends on the compressibility of the interfaces, and the magnitude of the dilatational properties, see Verwijlen et al. for an analysis of geometrically perturbed DWR [47] . The positioning of the magnetic probe in the ISR is more difficult to control since the free floating probe can move during an experiment due to diffusion or subphase convection. Misplacing the probe results in different strain amplitudes on both sides of the needle. As a This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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Contact line variations
A non-ideal contact line can not only result because of a bad positioning, but also because of non-perfect wetting of the geometry. The consequence is a contact line variation along the geometry as shown in Fig. 10 . The mechanical data shows an apparent elastic response for a clean water-air interface (δ s → 0) due to surface tension effects, akin to the effects in bulk rheology [48] . The images in Fig. 10B show the position of the geometry during different times of a measuring cycle of the data in Fig. 10A . The changes in reflections indicate a curvature of the interface that is dependent on the position θ which result in apparent elastic responses of the interface that are even stronger than a Bq of 100. Therefore, the elastic behavior is clearly an artifact and does not reflect an interfacial rheological property. The case of the clean water-air interface represents a worst case scenario, as surface active moieties will lower surface tension and increase the relative contributions of the interfacial moduli. It is good practice to quantify this effect for each geometry using a clean interface as a control, and to document the shape of the contact line with photos, as in Fig. 10B .
The capillary forces due to a non-ideal wetting of the magnetic probe or channel wall in the ISR will lead to a position of the probe within the channel to minimize the deformations of the meniscus. The increase in capillary force when the probe is displaced will lead to an apparent elastic response, observable as a decreased instrument compliance k −1 , similar to the case of the DWR discussed above. Careful cleaning of the channel wall can diminish this effect. A similar interaction can be observed when the end of the magnetic probe is close to the channel openings. Therefore, the channel should be much longer than the magnetic probe such that the probe can be placed in the center while interactions with the channel edge are suppressed.
IV. CONCLUSION
There are several aspects, some intrinsic and some device related, which render interfacial rheometry challenging. In the present work we give an overview of the possible aspects which influence the accuracy of the obtained experimental data and derive operating windows where reliable data can be obtained. A first aspect which has been considered is the propagation of noise, which merits particular attention given that the torque or force response of the interface is weak. Calculating the noise propagation makes it possible to quantify the uncertainties u |G * s | and u δ s (Eqs. (22) & (23)) to define uncertainty bars on the measured data which will give a direct indication of the quality of each individual measurement. A complicating matter is that this noise propagation depends on the properties of the interface. In the present work we used a fatty alcohol as a challenging material to characterize. Interfaces comprised of other materials such as polymers, proteins or colloidal particles can be non-linear viscoelastic (e.g. viscoplastic, shear thinning). Substituting Eq. (19) & (20) with the appropriate constitutive equation allows the presented analysis to be used for other types of interfaces as long as there are no artifacts such as slip or fast dissolution of soluble surfactants present. Aspects such as the role of drift, instrument and fluid inertia, compliance and the role of subphase corrections all contribute to possible measurement errors. To summarize all these effects, Fig. 11 gives the operating windows for the different devices. Fig. 11 summarizes the excellent sensitivity of the ISR and the impressive dynamic measuring range of This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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